Breast-dedicated radionuclide imaging systems show promise for increasing clinical sensitivity for breast cancer while minimizing patient dose and cost. We present several breast-dedicated coincidencephoton and single-photon camera designs that have been described in the literature and examine their intrinsic performance, clinical relevance, and impact. Recent tracer development is mentioned, results from recent clinical tests are summarized, and potential areas for improvement are highlighted. Br east cancer is the most common cancer in women worldwide, with 1.3 million cases diagnosed per year. The current standard of care in breast cancer management has challenges. Physical examinations often find palpable tumors that are already invasive and node-positive. Mammograms are well known for having low specificity and often being inconclusive for patients with dense breasts, leading to unnecessary surgical procedures and patient trauma. The use of noninvasive molecular imaging provides sensitive and specific cellular biologic information to aid in the diagnosis, staging, and treatment evaluation of breast cancer. PET and single-photon emission imaging have shown great diagnostic power in detection of malignant lesions in the body. The conventional systems sitting in the nuclear medicine clinic, however, are generalpurpose and have neither the photon sensitivity nor the spatial resolution required to affect earlier stages of breast cancer management. Technologic advances have enabled the creation of high-performance breast-dedicated (BD) radionuclide cameras that show promise for more sensitive cancer detection than standard clinical cameras while also providing better specificity than traditional anatomic imaging modalities such as x-ray mammography. This paper presents novel instrumentation from several different BD system designs that have been studied and evaluates the performance of different BD systems in the clinic.
Br east cancer is the most common cancer in women worldwide, with 1.3 million cases diagnosed per year. The current standard of care in breast cancer management has challenges. Physical examinations often find palpable tumors that are already invasive and node-positive. Mammograms are well known for having low specificity and often being inconclusive for patients with dense breasts, leading to unnecessary surgical procedures and patient trauma. The use of noninvasive molecular imaging provides sensitive and specific cellular biologic information to aid in the diagnosis, staging, and treatment evaluation of breast cancer. PET and single-photon emission imaging have shown great diagnostic power in detection of malignant lesions in the body. The conventional systems sitting in the nuclear medicine clinic, however, are generalpurpose and have neither the photon sensitivity nor the spatial resolution required to affect earlier stages of breast cancer management. Technologic advances have enabled the creation of high-performance breast-dedicated (BD) radionuclide cameras that show promise for more sensitive cancer detection than standard clinical cameras while also providing better specificity than traditional anatomic imaging modalities such as x-ray mammography. This paper presents novel instrumentation from several different BD system designs that have been studied and evaluates the performance of different BD systems in the clinic.
BD POSITRON EMISSION MAMMOGRAPHY (PEM) AND PET CAMERA DESIGNS
System Configuration BD PET requires a field of view (FOV) large enough to be clinically relevant for breasts of all sizes, ranging from an average of 11.1-13.7 cm in diameter and 5.7-9.7 cm in length for bra cup sizes A-D (1) . Detectors are typically arranged in a ring around the breast (annular systems), or in panels on 2 sides (dual-panel systems) or 4 sides (rectangular systems) of the breast. Translatable (2,3) and rotatable (4-7) detector heads can be used to extend the imaging FOV beyond the detector volume, but to date have had lower sensitivities than stationary systems with equivalent FOVs, and require longer scan times and more complex mechanical designs. For example, the sensitivity of the Shimadzu O-ring system is a factor of 5 higher than that of the Oncovision MAMMI system, which has a similar imaging FOV but uses translating heads (Table 1 ). Higher photon sensitivity generally allows for shorter scan times to achieve equivalent image quality, as seen with imaging protocols used for stationary (8) and translating systems (9) . Fully tomographic BD PET systems typically involve the patient lying prone with the breasts hanging uncompressed in an annular or rectangular FOV. Better nodal imaging can be accomplished using a C-shaped ring, as fewer lesions lie outside the FOV of the C-ring scanner when compared with the O-ring. However, this design comes at the expense of a significant reduction in photon sensitivity, as shown in Table 1 , leading to increased image noise (8) . Several groups are combining BD PET with CT (6) or MRI (10), though large-scale clinical studies have yet to be published. Limitedangle tomographic BD PET systems, sometimes referred to as positron emission mammography (PEM) systems, involve mild compression of the breast with a single-axis adjustable FOV. PEM systems are geometrically similar to conventional mammography systems and, using multiple mammographic views of the breast such as craniocaudal or mediolateral oblique, can increase lesion sensitivity beyond that provided by a single view (3). However, a major issue caused by the limited angular sampling of the FOV in BD PEM systems is spatial resolution anisotropy, shown in Table 1 (11) . Dual curved panels can be used to achieve better angular coverage of the breast, leading to higher sensitivity and spatial resolution uniformity (12) .
Lesions at the chest wall that are missed during imaging plague current BD PET systems (as well as mammography systems). To maximize sensitivity for lesions at the chest wall, the dead area near the chest wall should be minimized (13) . Dual-panel limited-angle tomography systems that can compress the breast can generally image the chest wall more effectively than ring-based systems, either by taking a different mammographic view of the breast or by bringing into the FOV more of the breast tissue that is near the chest wall. Ringbased tomographic systems will likely continue to be plagued with diagnostic sensitivity issues at the dead area at the chest wall (14) .
Detector Design Issues
Parallax blurring, caused by uncertainty in the 511-keV photon's depth of interaction (DOI) inside a particular crystal, has a more substantial effect on spatial resolution uniformity in BD PET systems than in conventional whole-body PET scanners because of the increased importance of oblique lines of response (15) . To increase diagnostic sensitivity for subcentimeter lesions in the breast, off-center spatial resolution can be improved by incorporating DOI information into the 511-keV photon detectors to reduce the uncertainty of the photon interaction location. DOI can be estimated using the ratio of detected light at opposite sides of a crystal array (5, 16) . Another novel DOI method, shown in Figure 1 , is to use thin detectorcrystal layers oriented for edge-on photon entry, which allows for both direct DOI measurements and 3-dimensional positioning of intercrystal scatter interactions (11) . Three-dimensional positioning of multiple photon interactions in the detector gives a measurement of the energy and location of each interaction, which is desirable because a 511-keV photon commonly interacts multiple times in the detector. This 3-dimensional information can be used for recovering 511-keV photon events that would normally be discarded, potentially leading to significant increases in photon sensitivity (17) . Lastly, DOI can be estimated from crystal arrays that have been engineered to provide depth-dependent scintillation light behavior. This can be done by segmenting the crystal block into different depth layers with different reflective coatings (18) , by applying crystal light-sharing properties using different cutting patterns (19) , or by looking at the second moment of the light distribution on monolithic crystal detectors (2) .
For systems that use discrete crystal elements, decreasing the crystal width improves spatial resolution. Figure 2 shows the correlation between crystal size and spatial resolution for the systems presented in Table 1 . Smaller crystals increase the complexity and cost of both crystal manufacturing and crystal readout, especially for systems with one-to-one crystal-to-photodetector coupling architectures. Many groups reduce the number of readout channels required for small crystals by using position-sensitive variants of photodetectors such as photomultiplier tubes or avalanche photodiodes (Table 1) . Another option is to use charge multiplexing (e.g., resistive readout) of photodetector arrays. Light-sharing techniques involving specially engineered crystal reflectors enable position encoding using standard photomultiplier tubes (13) .
Systems with a high crystal-packing fraction and stopping power will be able to capture a large percentage of emitted photons, allowing for reduced scan time and dose. To reduce the dead area and cost, larger crystals can be mapped onto smaller photodetector-active areas with minimal loss in positioning accuracy. Methods to accomplish this include using devices to reflect light from crystals outside the active area into the active area (13), using optical fiber bundles (20) or tapered light-guides (14) to couple light from the crystal arrays onto detectors, or using monolithic crystals with a truncated pyramid structure to minimize the dead space between detector modules (2).
BD SINGLE-PHOTON CAMERA DESIGNS System Configuration BD single-photon (g) cameras can be split into 3 categories: SPECT (21, 22) ; limited-angle tomography, commonly called breast tomosynthesis (23); and projection imaging by compressing the breast between two stationary collimated scintillation detection panels, a technique referred to as breast-specific g-imaging (BSGI) (24) or molecular breast imaging (MBI) (25) . In contrast to breast imaging performed with PET, imaging using single-photon radiotracers requires the use of a collimator in front of a detector to provide directional information about the incoming photon.
One important consideration in the design of BSGI systems is whether a single panel is sufficient or dual panels should be used. The benefits of a single panel, such as the Dilon 6800, are lower cost and the ability to perform a biopsy of the breast along the axis of compression (26) . The benefits of dual panels, such as Gamma Medica's LumaGEM, shown in Figure 3 , or GE Healthcare's Discovery NM750b, involve higher photon sensitivity and higher achievable spatial resolution using geometric mean algorithms to combine data from each panel for image generation (27) . All BD SPECT systems being researched have been paired with CT capability to allow for coregistration of both functional and structural images of the breast, enhancing the diagnostic sensitivity beyond either modality alone. These systems are designed to rotate around an uncompressed hanging breast, with the g-ray detector placed on an axis offset 90°from the CT source-detector axis on the rotation gantry, as shown in Figure  4 . Breast tomosynthesis imaging of compressed breasts can be performed by moving the g-detector head around a compressed breast over a limited angular range (28) , although the use of variable-angle slant-hole collimators is also being investigated as a higher-photonsensitivity option (29) . BD SPECT imaging of hanging uncompressed breasts use collimated detector heads that rotate around the volume of interest to produce a fully tomographic image.
In single-photon imaging systems, any emitted photons that do not pass through a collimator are not recorded, and photon detection sensitivities for these systems are generally a few orders of magnitude lower than coincidence-based cameras, as shown in Table 2 . The low sensitivity can lead to high impact from scattered photons on the final image formation. Ongoing research is examining the effect of scatter on quantification of uptake for SPECT/CT systems with nontraditional acquisition trajectories (30) . Cadmium zinc telluride, which has better energy resolution than NaI (Table 2) , is an attractive detector material for scatter rejection in BD single-photon scanners. Sensitivity can also be improved by reducing the collimator hole length, at the cost of degraded spatial resolution, as shown in Table 2 . All BSGI/MBI systems presented in Table 2 have different sets of collimators that are separately optimized for spatial resolution and sensitivity, showing the effects of this tradeoff. The LumaGEM MBI system has made use of their higher sensitivity to conduct dose reduction clinical studies (25) .
The different collimators used in BD single-photon systems are summarized in Table 2 . In general, the spatial resolution and photon detection sensitivity of collimator-based systems are generally inversely proportional to each other, depending on the collimators used, and degrade with increased distance from the collimator. Parallelhole collimators can maximize the sensitivity of the scanner heads, whereas pinhole collimators sacrifice photon detection sensitivity in exchange for a smaller required detector area, using the pinhole minification effect (21) . Collimators can also be slanted toward the body for better imaging of the chest wall, something that is not possible with BD PET or PEM cameras. However, slanted collimators can degrade spatial resolution through a DOI effect, which can be mitigated using detector materials with higher attenuation coefficients such as cadmium zinc telluride (29) .
TRACER DEVELOPMENT FOR BD RADIONUCLIDE IMAGING
In PET imaging of breast cancer, the diagnostic sensitivity and specificity in 18 In several published studies involving detection of additional tumors in the ipsilateral breast of 388 women with confirmed breast cancer, the Naviscan PEM Flex Solo showed lower sensitivity (51.0% vs. 60.0%) and higher specificity (91.2% vs. 86.3%) than MRI (32), higher sensitivity (47% vs. 7%) and lower specificity (91% vs. 96%) than whole-body PET, and higher sensitivity (57% vs. 13%) and lower specificity (91% vs. 95%) than whole-body PET/CT (33) . In the same group of women, PEM, compared with MRI, showed significantly lower sensitivity (20.0% vs. 93.3%) for cancerous tumors found in the contralateral breast, although it showed higher specificity (95.2% vs. 89.5%) (34) . Interestingly, some tumors in the central breast are visible on only one of the two mammographic views, an effect that may be caused by anisotropic spatial resolution in PEM systems. Further clinical studies are needed to verify this phenomenon and its clinical diagnostic impact. A recent study with 69 patients, involving the O-and C-shaped scanners developed by Shimadzu, showed significantly lower sensitivity and slightly lower specificity for both scanners than for PET/CT or MRI, caused by lesions lying outside the FOV of the scanners (8) . These clinical studies, although promising for the development of BD PET and PEM cameras, point to a need to minimize sensitivity loss due to lesions at the chest wall for BD PET devices.
BD PET systems have great potential in breast cancer treatment planning and evaluation, through quantitatively evaluating the SUV of breast lesions during treatment (35) and through using high spatial resolution to look at intratumor structures and heterogeneity, which can aid in more accurate biopsy sampling of areas with the highest 18 F-FDG uptake (36) . BD PET systems should have high spatialresolution uniformity (DOI and full-tomographic sampling) and accurate attenuation correction algorithms, to perform quantitative analysis on tumor uptake. Attenuation correction in the MAMMI BD PET system is performed using PET image segmentation (2), whereas the University of California, Davis, BD PET/CT system uses CT image segmentation (35) . The MAMMI BD PET system is able to accurately quantify breast tumor SUV when compared with conventional PET/CT (36) and can examine intratumor structures and heterogeneity (9) .
BSGI/MBI cameras have had more extensive clinical studies than BD PET or PEM cameras. A study with dual-modality breast tomosynthesis in 17 women found higher sensitivity and specificity than with x-ray tomosynthesis alone (28) . A meta-analysis on studies involving single-panel BSGI, such as the Dilon 6800, found a combined sensitivity of 95% and specificity of 80% on a total of 2,183 lesions in 8 separate studies (24) . Dose reduction, one of the biggest challenges for BD radionuclide imaging systems, was examined with dual-panel MBI in a 3-y study of 1,585 women with dense breast parenchyma, using 300-MBq injections of 99m Tc-sestamibi. This injected radiation is a factor of 3-4 lower than conventional BSGI scans and leads to a dose of 2.4 mSv, lower than the annual background radiation level (3 mSv). Combining mammography with MBI increased sensitivity from 24% to 91% and slightly reduced specificity from 89% to 83% (25) . A cost analysis of this study showed that, even Table 1 that use discrete crystal elements.
though the addition of MBI to mammography raised the per-patient screening cost from $176 to $571, the increased diagnostic sensitivity of the combination reduced the cost per cancer detected from $55,851 to $47,597 (37) . The promising reduction in cost per cancer detected, along with the lower dose used in the study, demonstrates the importance to breast cancer diagnostics of a BD radionuclide imaging system with both high diagnostic sensitivity and photon sensitivity.
Biopsy-compatible BD radionuclide imaging cameras can provide molecular guidance for planning a biopsy or for verifying that the correct tissue volumes are sampled by showing the tissue and biopsy needle in real time. This allows the physician to position the needle at the lesion for more accurate sampling of the malignant tissue (38) . The PEM Flex Solo II uses different attachments to precisely align the biopsy needle with the breast perpendicular to the axis of compression, and alignment scans are taken with a weak line source placed inside the cannula to verify alignment with the lesion, as shown in Figure 5 . Noncomparative clinical studies have been conducted to examine the performance of biopsy guidance (39) . The West Virginia University PEM/PET rectangular system has panels that can swing apart to allow the biopsy arm access to the breast (38) . Biopsy compatibility in BSGI/MBI systems, because of their 2-dimensional-projection imaging nature, require special collimator designs to find the 3-dimensional position of the lesion without changing the view of the breast. Both the Dilon 6800 (26) and the Luma-GEM (40) use multiple sets of collimators with different directions to achieve this capability and enable accurate estimation of lesion depth.
CONCLUSION
Novel engineering approaches and designs have been summarized for the geometry, detector, and data acquisition systems of BD radionuclide imaging cameras. Clinical trials have shown results that are at least comparable to those of conventional secondary screening methods for breast cancer. However, more work is needed to determine which system design improvements can increase diag- 17.5%
x/y 5 linear orthogonal axes; EW 5 energy window; S/C 5 source-to-collimator distance. 
